The effects of salinity fluctuation on the growth, molting and energy budget of juvenile Litopenaeus vannamei was investigated at the temperatures of 20, 25, and 30uC. Salinity fluctuation regimes were set in different amplitudes of 6 0, 6 5, 6 10 and 6 15 gL 21 from a control salinity of 20 gL 21 . After a 48-day feeding trial, the lowest survival occurred at a salinity fluctuation of 6 15 gL 21 for each temperature investigated. The best growth of shrimp was obtained at salinity amplitudes of 6 5-10 gL 21 at 25 and 30uC. The salinity fluctuation influenced food conversion efficiency but not food intake. The shrimp maintained at salinity amplitudes of 6 5-10 gL 21 expended most of the energy for growth and spent less energy on respiration and excretion at 25 and 30uC. Therefore, salinity fluctuating amplitudes of 6 5-10 gL 21 result in higher growth rates than constant salinity conditions (20 gL 21 ) through enhanced feed assimilation and reduced energy loss in respiration and excretion.
INTRODUCTION
Salinity is considered the most important abiotic factor affecting the growth and survival of penaeid shrimp except for temperature (Kumlu et al., 2000) . The idea that aquatic animals exhibit better growth under a constant optimal salinity than under fluctuating conditions seems to be widely accepted. However, the positive influence of fluctuating salinities on the growth of aquatic animals has been reported in fish (Stroganov, 1962; Konstantinov and Martynova, 1993) . In studies of penaeid shrimp, Mu, et al. (2005a, b) reported that moderate fluctuations in salinity could promote the growth of juvenile Fenneropenaeus chinensis (Osbeck, 1765) by increasing feed intake. Therefore, optimal salinity fluctuating amplitude could be more useful than constant salinities for shrimp culture.
The white-leg shrimp Litopenaeus vannamei (Boone, 1931) , which has been cultured in coastal waters ranging in salinity from 1 gL 21 to 40 gL 21 (Bray et al., 1994) , is the major species of penaeid shrimp cultured in the eastern hemisphere (Farfante and Kensley, 1997) . Although many investigations on the effects of salinity on shrimp growth have been conducted, most of them focused on the effects of constant salinities (Ponce-Palafox et al., 1997; Palacios et al., 2004; Wang et al., 2004, etc.) , and no work on the effects of fluctuating salinity on the growth and energy budget of L.vannamei has been carried out.
The present study compared the growth of L.vannamei exposed to different fluctuating salinity regimes and determined the effects of fluctuating amplitudes on the growth, molting, and the energy budget of the shrimp at different temperatures. A further objective was to contribute to elucidating mechanisms of the effects of fluctuating salinities on penaeid shrimp.
MATERIALS AND METHODS

Experimental Design
The effect of seawater salinity fluctuation on shrimp was tested with a factorial design including three fluctuation amplitude levels and a control. The salinity of the control treatment (S20 6 0) was 20 gL 21 throughout the experiment, while treatments S20 6 5, S20 6 10, and S20 6 15 were subjected to different salinity fluctuations, and the fluctuating amplitudes were 6 5, 6 10, and 6 15 gL
21
, respectively. The interval of salinity changes lasted four days in every treatment. Figure 1 shows an example of salinity fluctuation in treatment S20 6 5.
In each salinity treatment, there were three constant temperature (degree Celsius, uC) treatments of T20, T25 and T30. The water temperature of T20 was controlled at 20 6 0.5uC using an air conditioner, and those of T25 and T30 treatments were performed in water bath of 25 6 0.5uC and 30 6 0.5uC, respectively, which was achieved by the thermostatic regulation of immersion heaters (WMZK-01). The actual temperature was calibrated everyday with a mercury thermal meter to the nearest 0.1uC.
Shrimp and Seawater
Litopenaeus vannamei juveniles were about one month old and were obtained from the pond of Baorong Shrimp Farm, Qingdao, China. The shrimp were cultured in aerated fiberglass tanks with seawater (20 gL
21
) and maintained at about 25uC for a 7-day acclimation. At the end of the 7-day preliminary acclimation, 300 juveniles of a similar size were selected and transferred into six aerated fiberglass tanks for a 16-day acclimation. The six tanks were divided into three temperature groups of 20, 25 and 30uC.
Seawater used in the experiment was filtered with a sand filter, and the low-salinity water was made by diluting sand-filtered seawater with fully aerated tap water. High-salinity water was made by adding sea salt to the sand-filtered seawater.
Experimental Procedure and Management
After acclimation and 24-h feed deprivation, shrimp were chosen randomly from acclimation tanks and individually weighed and stocked into forty-eight aquaria (45 cm 3 25 cm 3 30 cm, water volume 35 L), with each aquarium holding four individuals. The mean initial weight of juveniles was 0.80 6 0.00 g and there were no differences in initial weights between treatments (P . 0.05). There were four replicates for JOURNAL OF CRUSTACEAN BIOLOGY, 30(3): 430-434, 2010 each treatment. Ten individuals were randomly sampled from each treatment for the analysis of initial dry weight, energy and protein of the shrimp.
During the experiment, the shrimp were hand-fed to excess ration twice daily (at 6:00 and 18:00 h) with a commercial pellet (43.39 6 0.22% crude protein, 9.74 6 0.30% lipid, 9.91 6 0.01% ash, 8.41 6 0.06% moisture, and 19.63 6 0.52 kJ/g energy) produced by Mawei Fishery Feed Co. Ltd., Fujian, China. In the experiment, we calculated the amount of feed lost in soluble form that could be counted as uneaten feed, and the value was 22.98 6 0.11%.
Water exchanges were made to all treatments at the same time. Half of the water volume was changed every 2 days to ensure suitable water quality and achieved designed salinity fluctuations. During the experiment, aeration was provided continuously and dissolved oxygen was maintained above 6.0 mg/L, pH was 8.1 6 0.2, ammonia (NH 4 + ) was , 0.24 mg/L and the photoperiod was maintained at 14 h light:10 h dark.
During the experiment, the uneaten feed and feces were separately collected into cups using a siphon within 3 h after each meal, and the moulted exuviae were collected when found. The collections were settled for 5 min, and then the water was removed carefully using a siphon. Recovered feces and exuviae were dried at 65uC for 48 h and kept for further analysis. Food consumption was estimated from the difference in dry weight between the amount of food offered into the aquarium and food uneaten. The experiment lasted for 48 days. At the end of the experiment, all the test shrimp were collected after 24-h starvation and dried at 65uC for 48 h.
Data Calculation and Statistical Analysis
All the indices were calculated as follows (Zhu et al., 2004; Tian and Dong, 2006) :
where T is the feeding duration (48 days), N m is the total number of molts of one aquarium, N s is the number of shrimp of one aquarium; W t and W 0 are final and initial dry weights (g), and C is total food consumption (dry matter, g). The gross energy contents of diet, shrimp, feces and molt were measured with a 1281 Oxygen Bomb Calorimeter (Parr Instrument Company, Moline, IL, USA). The initial energy contents of the shrimp were assumed to be equal to the average energy value of the shrimp sacrificed at the beginning of the experiment (for more details, refer to Dong et al., 2006 ). The energy budget was calculated using the following equation for the crustacean energy budget (Petrusewicz and Macfadyen, 1970; Zhu et al., 2004) : C~GzFzUzEzR where C is the energy of consumed food (kJ), G is the energy expended for growth (kJ), F is the energy lost in feces (kJ), U is the energy in excretion (kJ), E is the energy spent for exuviae (kJ), and R is the energy for respiration (kJ). The estimation of U was based on the nitrogen budget equation (Lemos et al., 2001) :
where C N is the nitrogen content of consumed food (g), F N is the nitrogen lost in feces (g), G N is the nitrogen deposited in shrimp body (g), E N is the nitrogen lost in molting (g), 24,830 is the energy content in excreted nitrogen per gram (kJ/g). The nitrogen contents in the formulated feed, shrimp, feces, and molting shell were determined by Vario EL III CHNOS Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). The value of R was calculated as the following energy budget equation: R~C{G{F{U{E Experimental data were analyzed using SPSS 11.0 (SPSS, Richmond, CA, USA), with possible differences among data being calculated using one-way or two-way analysis of variance (ANOVA). Arcsine square-root transformations were applied to percentage values before analysis. Duncan's multiple range tests were used to test the differences between treatments. P , 0.05 was accepted as the level of statistical significance.
RESULTS
Survival and Molting Frequency
The lowest survival of shrimp occurred at salinity fluctuations of 6 15 gL 21 for each temperature investigated. The survival of other shrimp are 100% except for those at salinity amplitude of 6 10 gL 21 at 30uC, in which the shrimp jumped out and died when uneaten feed and feces were collected. According to the results of two-way ANOVA analysis, both temperature and salinity fluctuation had various influences on the molting frequency of L. vannamei juveniles (P , 0.05). It is observed that the molting frequency of shrimp increased with increasing temperature and amplitude of salinity fluctuation (Table 1) .
Growth
According to the results of two-way ANOVA analysis, both temperature and salinity fluctuation had significant effects on the growth of shrimp (P , 0.05). The final weight and specific growth rate (SGR) of shrimp at different salinity fluctuation regimes are shown in Table 1 and Fig. 2 . It can be seen that the salinity fluctuation had no influence on the growth of shrimp at 20uC. At the temperatures of 25 and 30uC, the growth rate of shrimp maintained at different salinity amplitudes was as follows: S20 6 10 . S20 6 5 . S20 6 0 . S20 6 15. SGR of shrimp maintained at salinity amplitude of 6 10 gL 21 was significantly higher than those at 6 0 gL 21 and 6 15 gL 21 at 25 and 30uC (P , 0.05, Fig. 2 ). The poorest growth of shrimp occurred at amplitude of 6 15 gL 21 at each temperature.
Food Intake (FI) and Food Conversion Efficiency (FCE)
Salinity fluctuation had no significant influence on the food intake of shrimp (P . 0.05, Table 1 ), while temperature had a significant effect on that (P , 0.05, Table 1 ). Both salinity fluctuation and temperature had significant effects on food conversion efficiency (FCE) of shrimp (P , 0.05, two-way ANOVA), and matched growth response. However there was no interaction between them (P . 0.05, two-way ANOVA). Food conversion efficiency was greatest at salinity amplitude of 6 5-10 gL 21 at 25 and 30uC, and was lowest at amplitude of 6 15 gL 21 at each temperature (Fig. 3) .
Energy budget of L. vannamei
Both temperature and salinity fluctuation had significant effects on the percentages of energy expenditure for growth (G), respiration (R), excretion (U) and feces (F) to the energy of consumed food (C) (P , 0.05). The patterns of energy allocation in the tested shrimp were presented in Table 2 wherein we can see that L. vannamei maintained at amplitude of 6 5-10 gL 21 expended more energy for growth (G) and less energy for respiration (R), excretion (U) and feces (F) at 25 and 30uC. On the contrary, shrimp maintained at salinity amplitude of 6 15 gL 21 spent much more energy on respiration and excretion, and less energy for growth than those of other treatments. Meanwhile, salinity fluctuation had no significant influence on energy expenditure for exuviae (E) among shrimp, while temperature had a significant effect on that (Table 2, P , 0.05).
DISCUSSION
Molting Frequency and Survival
Although there was a lack of consistency of the effect of salinity fluctuation across temperature levels, the amplitude of salinity fluctuation alone could affect the molting of shrimp effectively. In order to increase in size or reproduction, the concentration of circulating molting hormone controls the process of molting in crustacean (Chang, et al., 1993; Thomton et al., 2006) . Both the initial rise in circulating hormone concentration and a coordinated decline are necessary for successful molting (Chang, et al., 1993) . In the present study, decreasing salinity probably changed the concentration of circulating molting hormone, which promoted the molting of shrimp. There is no report about the relationship between salinity and molting hormone, but a decrease in ambient salinity could promote the molting of shrimp (Chen and Bian, 1994) . Mu et al. (2005a, b) also reported that decreased salinity in proper fluctuation range promoted the molt of juvenile F. chinensis. Results from this study showed that the molting frequency of shrimp increased with increasing amplitude of salinity fluctuation at each temperature, which suggested that the salinity fluctuation could affect the molt of shrimp effectively.
However, excessive amplitude of salinity fluctuation can increase the mortality of shrimp. The mortality of shrimp maintained at salinity amplitude of 6 15 gL 21 was significantly higher than those at other salinity regimes, which was probably caused by the excessive amplitude of salinity fluctuation during molting.
Growth and Energy Budget
Results from this study showed that the growth of L. vannamei increased with increasing temperature, the same ones had been observed in many studies (Ponce-Palafox et al., 1997; Tian et al., 2004) . The temperature and salinity fluctuation factor have no interaction effects on the growth of shrimp, while the positive influence of salinity fluctuations alone was observed.
The positive influence of salinity fluctuations on the growth of aquatic animals has been firstly reported in fishes (Stroganov, 1962; Konstantinov and Martynova, 1993) . Very little research has been done on the effect of fluctuating salinity on the growth of dendrobranchiate shrimp, and only Mu et al. (2005a, b) reported that moderate salinity fluctuations could promote the growth of juvenile F. chinensis. In this study, the final weight of our shrimp maintained at salinity amplitude of 6 5-10 gL 21 were higher than those at constant salinity at 25 and 30uC, and the lowest growth occurred at salinity amplitude of 6 15 gL
21
. The biological range of L. vannamei extends into brackish and freshwater where annual rainfall and evaporation cycles can expose the species to wide seasonal variations in salinity. In some areas, farmers are likely to add freshwater to adjust salinity levels lower than the natural seawater salinity, because they believe that the growth of L. vannamei, in brackish water is better than in seawater (Wang and Chen, 2006) . According to the results of this experiment, it was apparent that the moderate salinity fluctuations could enhance the shrimp growth, while the excessive salinity fluctuations inhibited the growth of shrimp.
The better food conversion efficiency could result in better growth of shrimp. In the present study, the moderate salinity amplitudes of 6 5-10 gL 21 could increase the assimilating abilities of juvenile L. vannamei that favored the growth of shrimp. Similar results were reported by Tian and Dong (2006) . They indicated that the increased food consumption and the better food conversion efficiency of F. chinensis at four fluctuating temperatures enhanced the growth of that species. Verslycke and Janssen (2002) found that Neomysis integer (Leach, 1815) could actively use protein as a kind of energy source under salinity stress. Marangos et al. (1989) reported that the digestive gland weight of Marsupenaeus japonicus (Bate, 1888) increased after a salinity change, which also suggested that salinity change may affect the digestibility and may therefore affect the growth of shrimp. Hence, holding L. vannamei juveniles at optimal changes of salinities could result in increased assimilation, which favors the growth of shrimp. To achieve maximum growth, farmers should carefully consider the timetable for adding freshwater or changing seawater in shrimp culture.
In addition, the moderate salinity fluctuations could reduce shrimp metabolism in respiration and excretion. According to the energy budget, shrimp maintained at salinity amplitudes of 6 5-10 gL 21 expended more energy for growth and spent less energy in respiration and excretion, which was the optimal energetic metabolism for shrimp growth. On the contrary, shrimp maintained in excessive salinity amplitude of 6 15 gL 21 expended less energy for growth and spent more energy in respiration and excretion, which had adverse effects on the growth of shrimp.
In conclusion, the energetic advantage at optimal fluctuating salinity, i.e., higher feed assimilation and less energy in respiration and excretion, might account for the enhancement in the growth of shrimp. The optimal salinity fluctuations were at salinity amplitude of of 6 5-10 gL
, which would be more useful than constant salinities for the culture of L. vannamei at the water temperature of 25 to 30uC. Table 2 . Effects of salinity fluctuation on the energy allocation of Litopenaeus vannamei juveniles (mean 6 SE) 1) Means with different letters in the same column were significantly different (P , 0.05). 2) C is the energy consumed in feed, G is the energy deposited for growth, F is the energy lost in faeces, U is the energy lost in excretion, E is the energy spent for exuviae and R is the energy expenditure for respiration.
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